As the major epithelial cells of the liver, hepatocytes display membrane polarity, the sinusoidal membrane representing the basolateral surface, while the bile canalicular membrane is typical of the apical membrane. In polarized HepG2 cells an endosmal organelle, SAC, fulfills a prominent role in the biogenesis of the canalicular membrane, reflected by its ability to sort and redistribute apical and basolateral sphingolipids. Here we show that SAC appears to be a crucial target for a cytokine-induced signal transduction pathway, which stimulates membrane transport exiting from this compartment that promotes apical membrane biogenesis. Thus, oncostatin M (OSM), an IL-6 type cytokine stimulates membrane polarity development in HepG2 cells via the gp130 receptor-unit, which activates a protein kinase A-dependent and sphingomyelin-marked membrane transport pathway from SAC to the apical membrane. To exert its signal transducing function, gp130 is recruited into detergent-resistant membrane microdomains at the basolateral membrane. These data provide a clue for a molecular mechanism that couples the biogenesis of an apical plasma membrane domain to the regulation of intracellular transport in response to an extracellular, basolaterally-localized stimulus.
Introduction
Tissue development or organogenesis involves a carefully orchestrated interplay of molecular factors that regulate cell proliferation and differentiation. Eventual maturation is reflected by the expression of tissue and stage-specific genes, and molecular parameters relevant to such a development are gradually clarified. It has thus been demonstrated that members of the interleukin-6 (IL-6)-related cytokine family, which includes Leukemia inhibitory factor (LIF), Oncostatin M (OSM), Ciliary neurotrophic factor (CNTF),
Cardiotrophin-1 (CT-1), and Interleukin-6 (IL-6) may function as signal inducers in such events. Thus LIF has been shown to induce differentiation of mesenchym to epithelium in rat metanephros (Barasch et al., 1999) , while oncostatin M induces differentiation of (fetal) hepatocytes, the major epithelial cell of the liver (Yoshimura et al., 1996; Kamiya et al., 1999) . In the latter case, OSM has been shown to stimulate progression of hepatic development, evidenced by morphology and the induction of marker genes for the postnatal liver. A unique feature of the IL-6-related cytokine family is that their receptors share the gp130 receptor subunit as a common signal transducer in combination with cytokine specific subunits. The shared use of the gp130 signal transducer could explain the grossly identical nature of their biological properties.
An important step in development of epithelia is the establishment of close inter-cellular membrane interactions (Matsui et al., 2001) , and the intracellular molecular machineries mediating these events, which include Rho family proteins, are gradually unraveled. Recently, evidence was provided in a fetal rat hepatocyte system that OSM may also contribute to the regulation of cellular architecture by triggering in a K-Ras signaling dependent manner the localization of E-cadherin, beta-catenin and actin at cell-cell junctions (Matsui et al., 2001) , socalled adherens junctions, thereby tightly connecting adjacent cells.
Such junctions are part of the multiple modes by which adjacent epithelial cells adhere, which include desmosomes and tight junctions.
Hence, these data may imply that OSM-mediated signaling pathways may also be involved in the regulation of polarity development in adult hepatocytes. Like other epithelial cells, hepatocytes are polarized and have distinct membrane domains, i.e. an apical domain, facing the bile canaliculus, and a basolateral domain, facing adjacent cells and the blood. Accordingly, each domain has its specific protein and lipid composition. Since the polarized phenotype is fundamental for the specialized functions of the epithelial cell, including that of the liver, it is imperative that proteins and lipids are delivered to the correct plasma membrane domain to achieve and maintain membrane cell polarity.
In mature, polarized HepG2 cells, we recently identified an endosomal organelle, the so-called subapical compartment or SAC, which fulfills a prominent role in the biogenesis of the bile canalicular membrane, displaying the ability to sort and redistribute apical and basolateral lipids and, presumably, proteins (van IJzendoorn and Hoekstra, 1998; 1999) . Interestingly, a polarity development-dependent pathway, exiting from SAC, and related to de novo assembly of the apical membrane has been identified, which is marked by co-transport of an apical membrane protein, the poly-Ig receptor, and the sphingolipid sphingomyelin (SM). This pathway can be triggered upon activation of protein kinase A (PKA), which leads to hyperpolarization (Zegers and Hoekstra, 1997) . Intriguingly, intrinsic activation of protein kinase A appears instrumental in activating this apical transport pathway during early development of membrane polarity in cultured HepG2 cells (van IJzendoorn and Hoekstra, 2000) , emphasizing the potential physiological significance of this mechanism in polarity development.
By contrast, in mature polarized cells, SM exiting from SAC is primarily directed towards the basolateral membrane.
In light of the above considerations, we addressed in the present study the question whether cytokines of the IL-6 cytokine family, in particular OSM, may play a regulatory role in polarity development of liver cells. In addition, we focused on the issue whether the SACmediated switch in SM trafficking, occurring upon stimulation of polarity development, represented a potential target for a cytokineinduced signal transduction pathway, thereby regulating the biogenesis of the apical PM. If so, this would provide a clue for a molecular mechanism that couples the biogenesis of a plasma membrane domain to the regulation of intracellular transport in response to an extracellular stimulus. Our data reveal that OSM stimulates plasma membrane polarization of HepG2 hepatoma cells via the gp130 signal transducer, and that this hyperpolarization is associated with an increased membrane flow, marked by sphingomyelin transport, from the sub-apical compartment to the apical plasma membrane. Furthermore, we demonstrate that the effect of OSM stimulated polarity development correlates with protein kinase A activity.
Results

Oncostatin M induces hyperpolarization of HepG2 cells
After plating, HepG2 cells express their polarized phenotype in a time- , 1997) . As shown in figure 1A , in control cells the degree of cell polarity development increases rapidly over the first 24 hr after plating and subsequently levels off, reaching an optimal level of polarity in terms 
OSM-induced hyperpolarization does not affect apical membrane integrity
To investigate whether the enhanced biogenesis of the apical 
Apically directed bulk membrane flow is enhanced by OSM
In previous work we demonstrated that the flow of fluorescently tagged sphingomyelin (C6-NBD-SM) marks an intracellular membrane transport pathway, which closely correlates with polarity development of the HepG2 cells. This bulk membrane transport pathway is stimulated upon activation of protein kinase A, following exogenous The data thus indicate that the presence of OSM stimulates apically directed bulk membrane flow, previously shown to be associated with an activation of polarity development in HepG2 cells (Zegers and Hoekstra, 1997).
IL-6 type cytokines induce hyperpolarization of HepG2 cells via the gp130 receptor subunit
The observations that OSM stimulates polarized transport in HepG2 cells raised the question as to the mechanism by which the cytokine propagated its signal. OSM belongs to the functionally and structurally related group of the IL-6 cytokine family. Each type of cytokine of this family is recognized by a specific ligand binding receptor subunit, linked to the common signal transducer gp130 (Taga and Kishimoto, 1997; Heinrich, 1998) . As a consequence, the members of this family exert overlapping physiological responses. For this reason we tested another cytokine of the IL-6 type cytokine family for its potential capacity to stimulate bile canalicular domain formation in the HepG2 hepatoma cell line. As shown in figure 4a, IL-6 proved to be as effective as OSM in stimulating polarity development in HepG2 cells. By contrast, the non-IL-6 related cytokines IL-1β and IL-4, both known to stimulate HepG2 cells (Gabay et al., 1999) , were ineffective and the extent of polarity development in these cases was indistinguishable from that obtained for control cells ( fig.4a ). These data thus support the view that the stimulated polarity development is specifically related to IL-6 type cytokines and moreover, that the stimulating effect could be transmitted via the common gp130 signal transducer subunit.
To investigate this possibility, we determined OSM-mediated polarity development following treatment of the cells with an antagonizing monoclonal antibody against gp130, AN-H1. This antibody is closely related to B-R3 and acts specifically on the level of gp130-mediated signal transduction (Chevalier et al., 1996) . After culturing for 72 hr in the presence of the AN-H1 antibody, the HepG2 cells not only showed an abolishment of the OSM effect on polarity, but compared to control cells, even a more depolarized phenotype was obtained, as reflected by a decrease of ~30% in the bile canaliculi/cell ratio ( fig. 4B ). However, this additional decrease can be readily explained by the presence of IL-6 type cytokines in the HepG2 cell culture medium. Treatment of the cells with the non-gp130 related antibody CE-9, but directed against the basolateral surface, had no effect on polarity ( fig 4B) , which confirms the specificity of the AN-H1 antibody. These data thus demonstrate that IL-6 related cytokines are capable of stimulating polarity development in HepG2 cells, and that the effect is accomplished via their common gp130 signal transducer. Accordingly, these data indicate that following OSM stimulation, gp130 is recruited into cholesterol-enriched microdomains at the basolateral surface of HepG2 cells.
Is gp130 recruitment into rafts directly correlated to the observed OSM-induced hyperpolarity? To address this question, we depleted cholesterol from the plasma membrane as above, and determined whether at these conditions OSM treatment of the cells still induced hyperpolarization of the cells, as quantified by determination of the BC/cells ratio. As shown in fig. 5D , relative to control, polarity was reduced, which is consistent with a requirement for gp130 recruitment into rafts in order to allow propagation of the OSM signal, necessary to stimulate polarity development in HepG2 cells.
OSM induced hyperpolarization is dependent on protein kinase A activity
The indicative of lipid trafficking in apical direction, no significant increase in labeled lipid is seen at the BC in control cells (CTRL). The latter is consistent with its departure from the BCP region towards the basolateral membrane.
Discussion
The IL-6 related family of cytokines are candidate regulators of differentiation and development (Bruce et al., 1992; Barasch et al., 1999) , and one of its members, oncostatin M, appears to play a prominent role in the development of fetal hepatocytes, as reflected by its ability to induce morphological changes, intercellular E-cadherin and catenin-based adherens junctions, differentiation markers and functional maturation (Kamiya et al., 1999; Matsui et al., 2002) . The , 2000) . However, at present neither molecular factors nor the mechanism that links OSM activity and PKA activation are known, and awaits further investigation.
Previous investigations clarified a role for OSM in the differentiation of fetal mice hepatocytes (Kamiya et al., 1999) , and their tight interaction via the establishment of E-cadhering based adherence junctions (Matsui et al., 2002) . By contrast, the latter authors excluded involvement of OSM signalling in the formation of tight junctions, which constitute the fence forming structures between apical (bile canalicular) and basolateral domain. In line with these observations, our data suggest that OSM does not induce polarity development as such. Rather, during early development of polarity, the cells gradually acquire cytokine-susceptibility and only after some 36 hr ( fig. 1) , the strong promoting effect of OSM, as reflected by an increase in number and surface area of functional BCs, is apparent. This issue is further emphasized by the notion that the OSM signaling effect becomes readily apparent, when the cells are 'primed', as hyperpolarization is seen within four hours when more-advanced polarized cells are exposed to the cytokine (fig. 1B) . These observations could imply that the expression of the IL-6R is developmentally regulated, which is currently unknown. Taking this one step further, it is then tempting to propose that at physiological conditions an OSM stimulus might accelerate the re-establishment of the polarized phenotype, after polarity has been compromised by toxic or disease-related mechanisms.
An intriguing aspect of the stimulatory consequences of OSM represents the reversal of SM trafficking from the SAC to apical instead of basolateral membrane, as observed under control conditions. Not surprisingly, the effect is very reminiscent of previous observations on a similar consequence in SM trafficking, following PKA activation, a step that also appears to be involved in OSMmediated (hyper-)polarization. Evidently, this transport pathway relies on vesicular transport, carrying both C6-NBD-SM and the apical protein pIgR to the apical membrane (van IJzendoorn and Hoekstra, 1999) . However, the question arises, whether apart from marking a vesicular membrane transport pathway, transport of SM along this pathway might also serve a functional purpose, taking into account its prominent role in the assembly (with cholesterol) of rafts (Simons and Ikonen, 1997; Hoekstra and van IJzendoorn, 2000) . In this context, it has been reported that during early development of neurons, the GPIlinked protein Thy-1 is randomly transported to dendrite and axonal membranes. When development progresses and concomitantly the biogenesis of rafts is seen to occur, the protein becomes exclusively targeted to the axonal membrane domain (Ledesma et al., 1999) .
Interestingly, by increasing intracellular levels of sphingomyelin, following loading of the cells with e.g. C6-NBD-SM, raft formation and sorting were also induced in early developing neurons, causing Thy-1 to be transported to the axonal (or apical) membrane domain. It is possible therefore that the OSM-signal induced reprogramming in the direction of SM transport may serve a very similar purpose.
Essentially, these data also reemphasize the sorting capacity of the SAC in polarity development of which we previously showed that galactosylceramide is sorted from SAC in a basolateral directed pathway, whereas its C2-epimer glucosylceramide enters an apical recycling pathway (van IJzendoorn and Hoekstra, 1998) It is finally of relevance to consider as to whether OSM-signalling exclusively affects polarity development in adult HepG2 cells by a gp130-mediated downstream recruitment of PKA activity, which leads to a defined redistribution of SAC-derived membrane transport. Ecadherin is known to directly affect the epithelial cell phenotype by organizing cells in a structural and functional polarized cell (Nathke et al., 1993) . Also LIF, another IL-6 type cytokine, is known to induce expression of E-cadherin mRNA in rat metanephric mesenchym, which is a characteristic for the conversion of mesenchym of epithelium (Barasch et al., 1999) . In HepG2 cells, the increased expression of E-cadherin mRNA was not observed when stimulated by OSM (results not shown), which implies that the increased polarity after OSM stimulation is not mediated by an increment of E-cadherin mRNA levels, thereby causing an enhanced cell-cell contact. However it cannot be excluded that the E-cadherin can form more pronounced interactions with the membrane cytoskeleton, providing a spatial cue to organize plasma membrane polarity. Moreover, very recently it was reported (Matsui et al., 2002) that OSM may induce adherence junctions between fetal hepatocytes by altering the subcellular localization of junction-forming components like E-cadherin and catenins. It is therefore possible that through such enhanced cell-cell contacts, signal pathways are activated or promoted which, for example, trigger an enhanced rate of apical exocytosis (Vega-Salas et al., 1988) , in which cAMP may be involved as second messenger. In this context it is interesting to note that Brignoni et al. (1995) have shown that cAMP serves as a second messenger in the constitutive pathway between TGN and apical membrane, whereas basolateral transport remains unaffected at such conditions. Evidently, it is very likely that polarity development is regulated by a set of mechanisms,
probably dictated by conditional demands. Apparently, cell-cell contact, signaling via cAMP, and intrinsic responses of intracellular transport are closely connected to such developments. A novel mechanism has been described in this work, relying on the activation of gp130 via OSM or IL-6 which induces an increased apical membrane flow, as reflected by sphingomyelin transport, leading to an increased BC/cell ratio together with an enlargement of the bile canalicular surface area. The fact that a signal, triggered at the basolateral membrane, culminates in such an evident and sensitive apical response, now paves the way to define at the molecular level the intracellular mechanism that communicates this transcellular effect.
Materials and Methods
Cell Culture
HepG2 cells were grown in DMEM with 4500 mg of glucose per liter, containing 10% FCS and antibiotics. Media were changed every other day.
Cells were trypsinized after reaching confluency. For experiments, cells were plated at low density onto ethanol-sterilized coverslips and analyzed 3 days after plating.
Determination of HepG2 cell polarity
Accurate estimation of the degree of HepG2 polarity was performed as described elsewhere (Zegers and Hoekstra, 1997; van IJzendoorn and Hoekstra, 2000) . Briefly, the cells were fixed with -20ºC ethanol for 10 s, 
Cytokine treatment and inhibition of gp130 by a monoclonal antibody
HepG2 cells, plated on glass coverslips, were treated with cytokines for 4 or 72 hr, as indicated. IL-6 (kindly provided by Dr.Lutz Graeve, Stuttgart, Germany) was used in a concentration of 100 U/ml and rhOSM (Cell Concepts GmbH, Umkirch, Germany) at a concentration of 10 ng/ml.
To inhibit gp130 signal transduction, HepG2 cells were plated onto glass coverslips and incubated with 1 µg/ml of the gp130 antagonizing antibody AN-H1 (kindly provided by Dr. Hugues Gascan, Angers, France) in cell culture medium. As non-gp130 related antibody we used 1 µg/ml CE9 (kindly provided by Dr. Ann Hubbard, Baltimore, USA). After 72 hr the ratio of bile canaliculi per number of cells was determined.
Immunostaining of HepG2 cells
HepG2 cells were fixed in 4% PFA for 20 minutes at room temperature, washed and permeabilized for 10 minutes with methanol at -20 o C. After blocking with 1% BSA in PBS the cells were incubated with primary antibody for 2 hrs at RT or overnight at 4 o C. Next, the cells were washed and incubated with the corresponding secondary antibody labeled with Alexa
Fluor 488 or Alexa Fluor 594 (Molecular probes) for 45 minutes at RT. The coverslips were mounted and analysed by confocal microscopy (Leica TCS SP2; Germany).
Preparation of detergent insoluble fractions
HepG2 cells, cultured for 72 hr, were treated with β-methyl-cyclodextrin (10 mM) and lovastatin (1 µg/ml) for 1 hr at 37 o C to remove cholesterol.
Subsequently, the cells were incubated with OSM or buffer for 30 minutes, cooled and subjected to a Triton X-100 extraction at 4 o C, as described by Ait 
Determination of PKA activity
HepG2 cells, cultured for 72 hr, were stimulated for 30 min with OSM (10 ng/ml) or dBcAMP (1mM). Subsequently, the cells were washed in ice-cold HBSS and kept on ice. Thereafter, the cells were harvested by scraping with a rubber policemen in extraction buffer ( 
Synthesis of C6-NBD-sphingomyelin
C6-NBD-sphingomyelin was synthesized from C6-nitro-benzoxa-diazole (C6-NBD) and sphingosylphosphorylcholine as described elsewhere (Kishimoto, 1975; Babia et al., 1994) . The C6-NBD-sphingomyelin was stored at -20 o C and routinely checked for purity.
Transcytosis of sphingolipids
HepG2 cells were washed three times in HBSS and preincubated for 30 min at 37 o C with/without rhOSM (10 ng/ml). After the preincubation, the cells were cooled to 4 o C by washing with ice-cold HBSS. Subsequently, the basolateral plasma membrane was labeled with 4 µM C6-NBD-sphingomyelin for 30 min at 4 o C with or without rhOSM. In all further incubations rhOSM was included. The cells were then washed and transcytosis was allowed to occur at 37 o C for different time periods. To terminate transport, the cells were cooled by washing three times with ice cold HBSS, and lipid remaining in the outer leaflet of the basolateral membrane was removed by a backexchange procedure. To this end the cells were incubated for 30 min at 4 o C with 5% bovine serum albumin (BSA) in HBSS, followed by washing with ice cold HBSS. This procedure was repeated once.
Analysis of transport of C6-NBD-Sphingolipids from the SAC
In order to study the trafficking of the fluorescent SM analog from the SAC, SAC were preloaded with the lipid as described elsewhere (van IJzendoorn and Hoekstra, 1998, 1999) . In short, cells were labeled with 4 µM C6-NBD-SM at 37ºC to allow internalization from the basolateral surface and subsequent transcytosis to the apical, bile canalicular PM domain (BC). After 30 min of incubation, lipid analogue still residing at the basolateral domain was depleted by a back exchange procedure at 4ºC (2 x 30 min incubation in HBSS + 5% (w/v) BSA, cf. van IJzendoorn et al., 1997) , and BC-associated lipid analogue was chased into the SAC at 18ºC for 1 h in back exchange medium. Then, the NBD-fluorescence at the exoplasmic BC leaflet was abolished using sodiumdithionite at 4ºC, leaving the vast majority of the intracellular SM analogue in the SAC (van IJzendoorn and Hoekstra, 1998, 2000) . After removal of dithionite by washing, transport from the SAC was examined by incubating in back exchange medium at 37ºC.
In order to quantitate transport of the lipid analogue to and from the BC, the percentage of NBD-positive BC was determined as described elsewhere (van IJzendoorn et al., 1997; van IJzendoorn and Hoekstra, 1998) . Briefly, BC were first identified by phase contrast illumination, and then categorized as NBD-positive or NBD-negative under epifluorescence illumination. Note that a BC is categorized as fluorescently-labeled, i.e., NBD-positive, when microvilli-like structures, characteristic of the BC, can be detected that are seemingly fluorescent in the wake of the fluorescence derived from the lipid analogue, present in the apical membrane (van IJzendoorn et al., 1997) .
Such microvilli-like structures are typically and readily observed upon gradual photobleaching of the BC-associated NBD fluorescence.
Distinct pools of fluorescence are thus discerned at the apical pole of the cells, present in vesicular structures adjacent to BC, which are defined as sub-apical compartments (SAC, cf. van IJzendoorn and Hoekstra, 1998) .
Together, BC and SAC constitute the bile canalicular, apical pole (BCP) in HepG2 cells (see figure 7) . Therefore, within the BCP region the localization of the fluorescent lipid analog will be defined as being derived from the BC, the SAC, or both. This also provides a means to describe the movement of the lipid within or out of this region in the cell (van IJzendoorn and Hoekstra, 1999). Thus, after loading the SAC with lipid analogue and allowing its transport to take place as described above, the direction of movement of the lipid from or within the BCP region is determined after a given time, by establishing the distribution of the NBD-labeled lipid over the various compartments (BC, SAC or both) that constitute the BCP, relative to the labeling (i.e., primarily SAC), prior to starting the chase (t=0). For this kind of analysis, at least 50 BCP per coverslip were analyzed. Data are expressed as the mean ± SEM of at least four independent experiments, carried out in duplicate and Student t-tests were carried out to determine the statistical significance of the data. A summary of the procedure is illustrated in fig. 7A .
